The effects of Debye potentials on the dynamic multipole polarizabilities of Li and Na atoms are investigated using the symplectic algorithm. Frequency-dependent multipole polarizabilities of Li(2s 2 S) and Na(3s 2 S) are reported in terms of scaled number density of the plasma electrons for arbitrary plasma temperature. 
Introduction
The purpose of the present study is to investigate the effect of Debye potentials on the dynamic multipole polarizabilities of alkali atoms using the model potential approach. Recently we have investigated the plasma screening effects on the static multipole polarizabilities [1] and dynamic dipole polarizabilities [2] of Li and Na atoms within the framework of Debye shielding approach of plasma modeling using the symplectic algorithm. Plasma screening effects on the atomic processes based on the Debye model have gained tremendous attention in the recent years [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In this work, we investigate the dynamic quadrupole and octupole polarizabilities of Li and Na atoms embedded in Debye plasma environments. Useful roles of the multipole polarizabilities for the determination of several important properties are well-stated in the literature ( [2] , and references therein) and few of such important properties are the oscillator strengths of atoms and ions with one valence electron, van der Waals constants, the energy-level shifts. Several studies on the dynamic polarizabilities of atoms, ions or molecules have been reported in previous articles in free-atomic systems .
We have used the symplectic algorithm [38] [39] [40] [41] in this work to determine reasonably accurate energies and wave functions of bound and continuum states by solving the Schrödinger equation. The symplectic algorithm is a finite-difference scheme that preserves the symplectic structure and is now an established and powerful technique to solve the Schrödinger equation. It is now well-described that the symplectic integration scheme would be a better technique to obtain solutions of general purpose ordinary differential equations. Successful applications and useful demonstrations of the symplectic integration schemes in different areas of physical sciences would be found from the published articles [37] [38] [39] [40] [41] [42] [43] [44] [45] . We employ the pseudostate summation method [44] [45] [46] to obtain the dynamic multipole polarizabilities of Li (2s 2 S) and Na (3s 2 S). In this study, the frequency-dependent behavior of quadrupole and octupole polarizabilities of Li and Na atoms in their respective ground states are presented as functions of the screening parameters. The dynamic multipole polarizabilities are also presented as functions of number density of plasmas electrons for arbitrary plasma temperature within a framework of twocomponent plasma environments [2] .
Computational notes
We calculate the dynamic multipole polarizabilities using the following relation which can be expressed in terms of a sum over all intermediate states including the continuum ( [47, 48] , and references therein)
where E is the eigen energy of state ψ , E is the eigen energy of states ψ , ω is the angular frequency of the external electromagnetic field, The 2 -pole oscillator strength ( ) can be expressed as
where ∆E = E − E , |P and |P are the radial wave functions of ψ and ψ respectively . As mentioned earlier we have used the model potential technique to represent the proposed atomic systems. In this work, we employ a simple model potential [1, 44, 45, 49, 50] of the form
where Z is the nuclear charge, N is the number of electrons in the atomic core, and δ 1 , δ 2 , δ 3 are the model potential parameters. To find the best values of the model potential parameters, we follow our earlier works [1, 44, 45, [47] [48] [49] [50] . For Li system, the best values of the parameters for all the partial-wave states are δ 1 = δ 2 = δ 3 = 1 6559. For Na system, we obtained the optimized parameters δ 1 
where λ D is the Debye screening length. For the twocomponent plasmas near thermodynamic equilibrium, one can deduce a relation for the Debye length as [51] [52] [53] [54] 
where B is the Boltzmann constant, and T are the number density of the plasma electrons and temperature respectively, Z * is the effective charge of the ions in the embedded plasma. From Eq. (5), the number density due to E D eV Debye plasma takes the form [1, 2, 53] = 1 973496 × 10 22
We can write the scaled number density as
One can set Z * = Z for fully ionized plasmas having a single nuclear species as parts. For details of the symplectic algorithm for determinations of eigen-energies and wave functions, interested readers are referred to the previously published articles [1, 2, [37] [38] [39] [40] [41] [42] [43] [44] [45] .
Results and discussions
We obtain the dynamic quadrupole and octupole polarizabilities of Li and Na atoms for various Debye lengths using the computational procedure prescribed in section 2. Results obtained from the present calculations are displayed in Tables 1-3 and Figures 1-8 . In free atomic cases, the frequency-dependent quadrupole and octupole polarizabilities of Li and Na atoms are presented in Table 1 for some selective frequencies. To the best of our knowledge, there are no other reported results for the multipole polarizabilities for comparison in Table 1 .
The dynamic quadrupole polarizabilities for the ground state of Li for free atomic case and for λ D = 40 are presented in Figure 1 and 2 respectively. Table 2 , we compared the resonance frequencies of Li and Na obtained from the present study using the model potential technique in the framework of the pseudo-state summation method (MP) with the available experimental measurements [56] . In Table 2 , we have also compared the available theoretical [24, [57] [58] [59] results for Na atom obtained using different methods such as Manybody perturbation theory (MPT). Second-order energy correction variationally stable method (SEC.), Symmetryadapted cluster -configuration interaction (SC). From Table 2 , it is clear that our predictions are in agreement with the available results. In case of Li atom, there are no other results for comparison, except those reported in Ref. [58] . We present the first four resonance frequencies for the transitions from the ground states of the respective atoms to the final 2 D ( ≥ 3) and 2 F ( ≥ 4) states obtained from this work for various screening lengths in Table 3 . Table 3 and 6, the dynamic multipole polarizabilities increase with increasing (or ω) for certain value of ω (or ). Figures  7 and 8 show the dynamic octupole polarizabilities of Li and Na atoms as functions of ω for selective values of below the first excitation threshold. From Figures 7 and  8 , it is also clear that the dynamic multipole polarizabilities increase with increasing ω for specific scaled number density. It is evident from our predictions that it possible to estimate the dynamic multipole polarizabilities as a function of scaled number density of the plasma electrons for arbitrary plasma temperature. It is also evident from the earlier works [2, 60] and the present work that it possible to estimate fairly accurate resonance frequencies for one-photon transitions using formula (1) in the framework of the pseudostate summation technique. However, more detailed discussions on the dynamic polarizability calculations near resonance frequencies can be found from the previous articles [32, 61, 62] . Finally, we would like to mention that the calculation of the polarizability, S, in Eq. (1) involves a summation over all the intermediate states including the continuum. In the earlier work, Roy and Ho [63] reported the reasonably accurate excited state energies of Li atom, compared to the available theoretical results and experimental data using the same model potential. Kar and Ho [51] also reported the fairly accurate excited states energies for Na [39] , in conformity with the experimental data using the model potential consid- ered in the present work. So it can be expected that the contributions coming from the excited states are in reasonable accuracy to obtain fairly accurate polarizability results. Figure 9 shows the contributions from some excited states for the quadrupole polarizability of Li as functions of scaled number density, , for a fixed value of ω, i.e. ω = 0 08 a.u..
Conclusions
In the present work, we have studied the behavior of the dynamic multipole polarizabilities of Li and Na atoms under the influence of Debye screening. Symplectic algorithm is used to obtain eigen-energies and eigen- for Na) transitions as functions of the screening parameters. In free-atomic cases, our results are in agreement with the available theoretical and experimental predictions. In the screening environment, results are presented for the first time.
